HCV peptides and HCV-expressing tumor targets. The impact of other factors, such as TCR-pMHC stabilization and signaling contributions by the CD8 co-receptor, as well as antigen and TCR density were also evaluated. We found that changes in TCR-pMHC affinity did not always predict or dictate IFNγ release or degranulation by TCR gene-modified T-cells, suggesting that less emphasis might need to be placed on TCR-pMHC affinity as a means of predicting or augmenting the therapeutic potential of TCR gene-modified T-cells used in ACT. A more complete understanding of antigen recognition by gene-modified T-cells and a more rational approach to improve the design and implementation of novel TCR-based immunotherapies is necessary to enhance efficacy and maximize safety in patients.
Introduction
Adoptive cell transfer (ACT) of T-cell receptor (TCR) gene-modified T-cells has had mixed, but promising clinical results as a cancer immunotherapy [1] . To enhance the efficacy/safety of TCR gene-modified T-cells, the field should continually refine the fundamental understanding of antigen recognition, which is generally thought to be dictated by the affinity and specificity of the interaction between TCR and peptide-major histocompatibility complex proteins (pMHC) [2] . We and others have predicted that T-cells engineered with high-affinity TCRs would create better effectors than those engineered with lower affinity TCRs by enhancing their sensitivity [3] [4] [5] and generating a novel population of MHC class-I-restricted CD4 + T-cells [5] [6] [7] . However, identifying naturally occurring, high-affinity, tumor-reactive TCRs is challenging as thymic selection generally excludes high-affinity TCRs against self-antigens [8] . Efforts to enhance TCR binding to pMHC have relied on yeast display, phage display, and computational design [9] [10] [11] , which many believe will translate into improved antigen recognition [12] [13] [14] .
Despite the emphasis on using high-affinity TCRs, we and others have suggested that enhancing TCR-pMHC affinity may not necessarily engineer a better T-cell [15] [16] [17] . For example, a TCR transgenic mouse model showed that TCRs with the same affinity possess distinctly different activation requirements [15] . Additionally, sister T-cell clones or progeny of individually isolated clones displayed a range of avidities for antigen [16, 17] . In the clinic, highaffinity TCR-engineered T-cells induced serious on-and off-target adverse events including inflammatory colitis [18] , neurological toxicity [19] , and death by cardiogenic shock [20, 21] . Collectively, these studies provide evidence that TCR-pMHC affinity may not necessarily dictate the quality of the biological response and caution against the use of high-affinity TCRs in ACT. A refined understanding of the fundamentals governing antigen recognition by TCR gene-modified T-cells may help lay the groundwork for developing safer and more effective strategies.
Recent studies by our group provide a model to address the importance of TCR-pMHC affinity on T-cell function. We reported on an HLA-A2-restricted hepatitis C virus (HCV)-reactive TCR (HCV1406 TCR) that was not only therapeutic in an HCV-associated hepatocellular carcinoma model [22] , but was also cross-reactive against naturally occurring variants of the antigenic/mutagenic HCV epitope NS3:1406-1415 [23] . Structural modeling of the TCRpMHC interface helped justify altered recognition, but did not identify biophysical/cellular mechanism(s) responsible for altered T-cell function. Thus, this TCR and set of altered pMHC ligands provide a framework for examining which parameters beyond affinity influence antigen recognition by TCR gene-modified T-cells.
Surprisingly, we found that changes in TCR-pMHC affinity did not necessarily correlate with altered ligand recognition. Rather, signaling contributions by the CD8 co-receptor as well as changes in both TCR and ligand densities played critical roles, sometimes independent of TCR-pMHC affinity. Together, these data challenge the hypotheses that TCR-pMHC affinity is the driving factor behind antigen recognition or that enhancing TCR affinity will augment function of TCR gene-modified T-cells. These data also encourage TCR-transduced T-cells to be individually evaluated for their reliance on CD8, ability to recognize low and high levels of antigen, and the level of transgene expression required to maximize efficacy and safety of these novel immunotherapies.
Materials and methods

Cell lines
293GP, PG13, T2, HepG2, and Jurkat cell lines were obtained from the American Type Culture Collection (Rockford, MD, USA) and maintained as previously described [22, 23] . Generation of CD8 + Jurkat cell lines was previously described using a modified SAMEN retroviral vector containing either full length human CD8 α and β (CD8αβ) or chains lacking the intracellular Lck-binding domains (CD8α′β′), separated by an internal SRα promoter [24] . HCV + HepG2 cell lines were generated using pMFG retroviral vectors containing wildtype (WT) and mutant HCV NS3:1406-1415 minigenes linked to eGFP by a P2A linker, previously described [22] .
T-cells
Apheresis products of normal donors were purchased from Key Biologics (Memphis, TN, USA). Ficoll-Hypaque (Sigma-Aldrich, St. Louis, MO, USA) density gradient centrifugation was used to isolate PBMCs. PBMCs were stimulated with 50 ng/mL anti-CD3 mAb (Miltenyi Biotec, Bergisch Gladbach, Germany) for 3 days in AIM-V medium (Life Technologies, Carlsbad, CA, USA) supplemented with 5% heat-inactivated pooled human AB serum (hAB; Valley Biomedical, Inc., Winchester, VA, USA), 300 IU/mL recombinant human IL-2 (Novartis Pharmaceuticals Corporation, East Hanover, NJ, USA), and 100 ng/ mL recombinant human IL-15 (Biological Resources Branch, National Cancer Institute, Bethesda, MD, USA).
Retroviral transduction
Retroviral supernatants were prepared using a stable, high-titer retroviral producer cell line PG13 expressing HCV1406 TCR in a modified SAMEN retroviral vector containing the TCR α chain linked to β chain and a truncated CD34 molecule by a P2A or T2A self-cleaving sequence, respectively. Generation of producer cell lines, collection of retrovirus, and TCR-transduction by spinoculation have been described elsewhere [22, 23] . Cultures were enriched for high/uniform transgene expression by positive selection using anti-CD34 mAb-coated immunomagnetic beads (Miltenyi Biotec) [22, 25] . T-cells were also sorted into CD4 + or CD8 + fractions by immunomagnetic selection.
Peptides
Rationale for and generation of naturally occurring mutant HCV epitopes was previously described [23] . Peptides used as stimulators in functional assays were obtained at 95% purity from Synthetic Biomolecules (San Diego, CA, USA).
Cytokine-release assay
Targets (T2 or HepG2 cells) were pulsed with peptide (concentrations ranging 10-0.0001 µg/mL) for 2 h and co-cultured in 1:1 ratio with effectors (TCR-transduced T-cells or Jurkat cells) in 96-well U-bottom tissue-culture plates [22, 23] . Ten ng/mL phorbol 12-myristate 13-acetate (Sigma-Aldrich, St. Louis, MO) was added to Jurkat cell co-cultures to enhance sensitivity of stimulation [23] . Cocultures were incubated at 37 °C for 18 h, supernatants harvested, and the amount of IFNγ or IL-2 released by 1x10 5 T-cells or Jurkat cells, respectively, was measured by ELISA (R&D Systems, Minneapolis, MN). We define "reactive" effectors as producing >200 pg/mL cytokine and at least twice above background (tyrosinase:368-376 stimulation). When comparing variant ligand to WT, "reactive" ligands must also exceed 5% of WT-stimulated cytokine magnitude.
Degranulation CD107a assay
3 × 10 5 target and effector cells were co-cultured in a 1:1 ratio in a 96-well U-bottom tissue-culture plate with 5.0 ng/mL brefeldin-A, 2.0 nM monensin, and 250 ng antiCD107a-Brilliant Violet 510 mAb (Biolegend, San Diego, CA). Co-cultures were incubated at 37 °C for 5 h. Cells were stained for surface markers (anti-CD3-APC/Cy7, anti-CD4-PE/Cy7, anti-CD8-PerCP/Cy5.5, anti-CD34-PE mAbs; Biolegend). Data were acquired using an LSRFortessa flow cytometer (BD Biosciences, San Jose, CA, USA).
Intracellular cytokine detection
3 × 10 5 of target and effector cells were co-cultured in a 1:1 ratio in a 96-well U-bottom tissue-culture plate with 5.0 ng/ mL brefeldin-A and 2.0 nM monensin (Biolegend). Co-cultures were incubated at 37 °C for 5 h. Cells were stained for surface markers above, fixed, permeabilized, and counterstained for intracellular IFNγ (anti-IFNγ-Brilliant Violet 421 mAb) according to manufacturer's protocols (Biolegend). Data were acquired using an LSRFortessa flow cytometer.
Protein
For binding studies, recombinant HLA-A*0201 heavy chain and β-2 microglobulin were expressed as inclusion bodies in Escherichia coli [26] . MHC folding and assembly from inclusion bodies was performed according to standard procedures [27] . Protein was purified using ion-exchange followed by size-exclusion chromatography.
Binding studies
TCR-pMHC binding affinity between HCV1406 TCR and WT or mutant HCV NS3:1406-1415/HLA*0201 was measured via surface plasmon resonance (SPR) using a Biacore 3000 instrument (GE Healthcare) in 10 mM HEPES, 150 mM NaCl, 3 mM EDTA, and 0.005% surfactant P20 (pH 7.4) as previously described [28, 29] . TCR was covalently coupled to a CM5 sensor chip via standard amine coupling. Equilibrium experiments were performed at 25 °C, injecting 70 µL of pMHC complex (concentrations ranging from 0.5 µM to 200 µM) at a flow of 5 µL/min. Responses at equilibrium were determined by averaging signal over the final 10 s of the injection and subtracting responses from identical injections over a mock surface. Injections were repeated three times. Measurements of binding kinetics used a flow rate of 100 µL/min and injected pMHC concentrations up to 100 µM. Dissociation rates were calculated using single exponential fits to baseline subtracted dissociation phases. Association rates were calculated using dissociation rates and independently measured K D values. Data analysis was performed with Biaevaluation 4 using a 1:1 binding model.
Statistical analysis
Comparisons of mean cytokine release or CD107a expression were performed using two-sample t-tests with unequal variances. Dose response relationships between peptide concentration and cytokine release were estimated using four parameter logistic models in the R library 'drc.' Half maximal effective concentration (EC 50 ) estimates were extracted from fitted model results.
Results
TCR-pMHC affinity does not necessarily dictate antigen recognition
We previously reported HCV1406 TCR gene-modified T-cells recognized wildtype (WT) HCV NS3:1406-1415 peptide-loaded targets and multiple naturally occurring mutant variants [23] . Many investigators believe that the most critical feature of a productive TCR-pMHC interaction is the affinity [2] , which may be the determining factor for functional recognition. Our antigen recognition model enables us to examine how TCR-pMHC interactions with varying affinities impact function of TCR gene-modified T-cells. Using surface plasmon resonance (SPR), we measured the K D and ΔG values for the HCV1406 TCR binding a panel of NS3:1406-1415 variants bound to HLA-A2. ( Fig. 1 ; Table 1 ). We also measured binding kinetics, as these have been the emphasis of previous studies [30, 31] .
Although HCV1406 TCR performs functionally as a high-affinity TCR exhibiting CD8-independent target recognition [22, 32] , the affinity of HCV1406 TCR-WT pMHC interaction, while strong (K D = 17 μM), falls short of naturally occurring, high-affinity TCRs (<10 µM) [33] . TCR-pMHC interactions between variants I1412L (32 μM), V1408T (46 μM), V1408L (60 μM), and I1412V (63 μM) exhibited affinities within a twofold range, which we categorized as "moderate affinity" compared to WT. TCR-pMHC interactions containing variants A1409T (120 μM), I1412N (168 μM), and 8S/9G/12L (169 μM) were approximately one log-fold weaker than WT, a range we called "low affinity." Although the TCR-8S/9S/12L/14S-MHC interaction could not be measured by SPR, it is reasonable to predict that it falls into the "low affinity" range based on similar amino acid substitutions and subsequent functional studies. Taken together, we have established three ranges of TCR-pMHC affinities for comparing recognition of naturally occurring, related ligands by TCR-engineered T-cells. TCR dissociation rates clustered around the WT value of 0.09 s −1 , with only a single variant possessing a dissociation rate more than twofold different than WT (Supplementary Table S1 ).
Using a Jurkat system, we have previously shown that recognition of some but not all mutant HCV NS3:1406-1415 peptides required the CD8 co-receptor [23] . To complement these findings, we evaluated whether changes in TCR-pMHC affinity correlated with CD8-dependence in primary T-cells. Interestingly, CD8
+ and CD4 + T-cell patterns of IFNγ secretion ( Fig. 2a) and CD107a expression (marker for degranulation; Fig. 2b) were not always directly related to TCR-pMHC affinity. CD8
+ TCR-transduced T-cells secreted IFNγ and degranulated against all HCV peptide-loaded T2 cells except for mutant 8S/9S/12L. Despite the broad range of affinities among altered ligands, IFNγ release by CD8
+ T-cells was not significantly different from WT, and only A1409T and 8S/9S/12L/14S stimulated significantly fewer CD107a + CD8 + T-cells. Surprisingly, variant 8S/9S/12L exhibited nearly identical TCR-pMHC affinity as mutant I1412N (169 versus 168 μM) but did not stimulate IFNγ secretion or degranulation, suggesting that the affinity of the TCR-pMHC Table S1) ; however, this apparent correlation did not persist in other experiments.
Peptide reactivity by TCR-transduced CD4 + T-cells clustered more predictably, recognizing WT and all "moderate affinity" ligands, but not "low affinity" ligands suggesting that HCV1406 TCR's threshold for CD8 dependence is between 63 and 120 μM. However, significant differences in IFNγ release were seen between ligands despite similar affinities. For example, V1408T (45 μM) stimulated significantly less IFNγ secretion compared to WT (17 μM), I1412L (32 μM), and V1408L (60 μM) (p < 0.05). I1412V (63 μM) also reproducibly stimulated a less robust response, but was not significantly different in the experiment shown here. Degranulation against I1412V and V1408T was also blunted compared to WT, I1412L, and V1408L but these comparisons did not reach statistical significance. These functional differences were also not easily attributable to differences in TCR-pMHC binding kinetics. The clearest example is V1408L and I1412V, which, despite significant functional differences, had nearly identical binding kinetics and affinities (Table 1 and Supplementary Table S1 ).
Thermal stability (T m values) of the peptide-MHC interactions (which we have previously reported [23] ) was all within a range typically considered to reflect high-affinity peptide binding and failed to reconcile diminished (or absent) antigen recognition. Specifically, the T m of 8S/9S/12L-HLA-A2 (61 °C) was actually slightly higher than that of I1412N-HLA-A2 (59 °C), suggesting that decreased peptide-MHC stability was not the cause of the inability to recognize 8S/9S/12L despite exhibiting the same TCR-pMHC affinity as I1412N. Similarly, V1408T had a slightly higher T m (69 °C) than both WT (64 °C) and V1408L (61 °C) but stimulated significantly lower IFNγ release by CD4
+ T-cells. Altogether, these data suggest that TCR-pMHC affinity is not necessarily a singular defining characteristic dictating antigen recognition. With that in mind, we explored how other biological parameters influence the recognition of altered pMHC ligands.
CD8-dependent antigen recognition relies on Lck-binding
Although we observed a relationship between CD8-dependence and TCR-pMHC affinity, it was uncertain how CD8 improved recognition of altered ligands. The CD8 coreceptor is known to stabilize the TCR-pMHC complex, enhancing relative affinity [34] , which might explain differences in recognition patterns between CD4 + and CD8 + T-cells. CD8 also facilitates TCR signaling by binding Lck, recruiting it to the TCR/CD3 complex [35, 36] . Some suggest that antigen sensitivity is more dependent on signaling capacity than affinity-enhancement by CD8 [24] , and that antigen-engaged TCRs scan multiple co-receptors to find one coupled to Lck to initiate signaling [37] . We determined the relative importance of affinityenhancement versus signaling augmentation by CD8 on the recognition of altered ligands by engineering HCV1406 TCR-expressing CD8
− Jurkat cells to express full length CD8αβ, or a truncated form (CD8α′β′) lacking the intracellular Lck-binding domain (Fig. 3a, b) . All three groups (CD8 − , CD8αβ, and CD8α′β′ Jurkat cells) secreted similar amounts of IL-2 against WT peptide (Fig. 3c) . "Moderate affinity" CD8-independent ligands also stimulated robust IL-2 release from all groups. As predicted, CD8 − Jurkat Figure S1) . These data suggest that TCR-pMHC stabilization by CD8 is alone not sufficient for efficient antigen recognition and that intracellular Lck-binding domains of CD8 can be critical for recognition of altered pMHC ligands, further supporting our hypothesis that TCR-pMHC affinity is not necessarily the critical determinant for antigen recognition.
Antigen density influences recognition of altered pMHC ligands
Clinical reports of on-or off-target effects by TCR-transduced T-cells have been attributed to recognition of low levels of antigen by high-affinity TCRs [18] [19] [20] [21] 38] . Evaluating reactivity against peptide-loaded T2 cells is also not We used peptide-loaded TAP − T2 cells for our high antigen density system because exogenously loaded peptides can saturate their empty MHC molecules. We used peptide-loaded TAP + HepG2 hepatocellular carcinoma cells for our intermediate level antigen density system. Exogenously loaded antigen has to compete with peptide already bound to MHC and is presented at a lower density than T2 cells. We developed a panel of HepG2 cells expressing endogenously processed HCV antigen (WT and variant HCV NS3:1406-1415 epitope minigenes) for our low peptide density system (Fig. 4a) . Minigene-derived HCV peptides must compete with endogenously processed peptides for available MHC-I, thus presenting at a lower density than peptide-loaded cells. Coupled with peptide titrations, this panel of APC enabled us to determine how antigen density requirements related to TCR-pMHC affinity. Figure 4b illustrates differences in cytokine release by bulk cultures of TCR-transduced T-cells stimulated by peptide-loaded T2 cells (high antigen density), peptideloaded HepG2 cells (intermediate density), and HCV minigene-expressing HepG2 cells (low density). As expected, the overall magnitude of cytokine release follows the density of antigen presented. Recognition of WT antigen was not significantly impacted by antigen densities. However, significantly less IFNγ was secreted when stimulated with APC containing intermediate or low densities of altered ligands (p < 0.05). Despite similar TCRpMHC affinity to V1408L, APC containing I1412V were not recognized at low density. Additionally, APC containing "low affinity" ligands were not recognized at intermediate or low densities. These results suggest that recognition of altered ligands with low TCR-pMHC affinities can be overcome at high levels of antigen. However, even at lower densities, recognition is not always dependent on TCR-pMHC affinity.
To evaluate how CD8 impacts recognition of altered ligands at lower densities, we stimulated purified CD4 + or CD8
+ HCV1406 TCR-transduced T-cells with intermediate density (Fig. 4c ) or low density (Fig. 4d) APC. We found that CD4
+ T-cells were extremely sensitive to changes in antigen density, but there was no distinct relationship between reactivity and affinity. For example, different amounts of IFNγ were secreted by CD4 + T-cells stimulated with "moderate affinity" ligands despite similar affinities. CD8 facilitated strong recognition across WT and "moderate affinity" ligands, but "low affinity" variants induced significantly less IFNγ secretion (p < 0.001). CD4
+ and CD8 + TCR-transduced T-cells secreted similar levels of IFNγ against HepG2 cells expressing WT minigene at low density (Fig. 4d) . However, recognition of "moderate affinity" ligands at low density required the presence of CD8, and cytokine release was significantly lower than WT. Peptide titration curves using T2 cells (Fig. 4e ) and HepG2 cells (Fig. 4f) and respective estimated EC 50 values (Supplementary Table S2 ) also suggest that sensitivity to variant epitopes is not necessarily consistent with changes (or similarities) in TCR-pMHC affinity, supporting earlier Jurkat data (Supplementary Figure S1) . Together, these data suggest that even at lower antigen densities, recognition of altered ligands is not solely driven by TCR-pMHC affinity.
TCR transgene levels influence IFNγ production independent of TCR-pMHC affinity
Given that antigen density influences recognition of altered ligands, it is logical to predict that TCR density may also play an important role. Our TCR retroviral vector contains a truncated CD34 cassette [25] . We demonstrated that increased CD34 relates to increased tetramer binding [22, 25] , suggesting that CD34 is a good surrogate marker for TCR expression. This also allows us to evaluate TCR transgene expression without staining the TCR with an antibody or tetramer, which can influence the outcome of functional assays [39, 40] . Based on CD34 expression, we determined the mean fluorescence intensity (MFI) of intracellular IFNγ and surface CD107a (degranulation) of CD4 + or CD8 + T-cells expressing high, medium, or low levels of HCV1406 TCR (Supplementary Figure S2) . TCR density had a significant impact on CD8 + T-cell function with the amount of IFNγ produced being directly related to TCR expression (Fig. 5a ). While TCR density was related to antigen recognition, changes in TCR-pMHC affinity generally had no impact on the intensity of IFNγ + and CD8 + T-cells are shown, *p < 0.05, **p < 0.01. Peptide titrations (10-0.0001 μg/mL) using peptide-loaded e T2 cells or f HepG2 cells as stimulators were also performed with CD4
+ (left panels) and CD8 + (right panels) TCRtransduced T-cells. Dose-dependent relationships between peptide concentration and IFNγ release were estimated using four parameter logistic models in R library 'drc.' EC 50 estimates were extracted from the fitted model, listed in Supplemental Table S2 . Cultures are considered "antigen-reactive" if they secrete at least 200 pg/mL IFNγ, twice above background and at least >5% of WT-stimulated cytokine release. Affinities of TCR-pMHC and peptide-MHC interactions are shown. SPR-measured affinities of TCR-pMHC interactions are shown, and thermal stability of peptide-MHC interactions is shown. NBD no binding detected. These data are representative of three independent experiments 1 3 at a given TCR density. We also found that TCR density influenced antigen recognition by CD4
+ T-cells with significant IFNγ production being generally restricted to high TCR-expressing CD4 + T-cells. (Figure 5b ). However, TCR-pMHC affinity also had an impact on the amount of IFNγ produced. High-affinity WT ligand stimulated significantly greater IFNγ than "moderate affinity" ligands, and "low affinity" ligands did not stimulate IFNγ production by CD4
+ T-cells even at high TCR density. However, the impact of TCR-pMHC affinity on CD4 + T-cells was not absolute since there was considerable variation in IFNγ intensity when stimulated with ligands of similar "moderate" affinities. A similar relationship between TCR density and CD107a expression against altered pMHC ligands was also observed (Supplementary Figure S2c-d) . Collectively, these data indicate that recognition of altered pMHC ligands can be influenced by the density of introduced TCR. While TCR expression and TCR-pMHC affinity both appear to be critical for antigen recognition by CD4 + T-cells, only TCR expression appears to be important for antigen recognition by CD8 + T-cells. These results further support our assertion that TCR-pMHC affinity is not the most critical requirement for antigen recognition by T-cells.
Discussion
Efforts to augment the efficacy of TCR gene-modified T-cells have focused on TCRs with enhanced affinity. However, increasing evidence suggests that TCR-pMHC affinity may not always influence the quality of effector responses [15] [16] [17] 24] . Moreover, high-affinity TCRs used in ACT have caused serious clinical adverse events [18] [19] [20] [21] . Therefore, it is critical to evaluate the importance of affinity on antigen recognition by TCR gene-modified T-cells to help guide improvements in cancer immunotherapy.
We have developed a model to address what factors, including TCR-pMHC affinity, CD8 co-receptor, antigen density, and TCR density influence the recognition of altered pMHC ligands by a single TCR. K D values for TCR-pMHC interactions segregated ligands into ranges of affinity we defined as "high," "moderate," and "low" affinities. Consistent with the generalization of how affinity influences antigen recognition, WT and "moderate affinity" ligands were CD8-independent, and "low affinity" variants were CD8-dependent. However, similar "moderate affinity" ligands induced varying levels of cytokine release and degranulation in the absence of CD8. Additionally, of two ligands with identical affinities, only one was recognized by CD8
+ T-cells and Jurkat cells at high and low antigen densities. This disconnect between TCR-pMHC affinity and T-cell reactivity contradicts general expectations and supports our assertion that TCR-pMHC affinity is not a singular determinant of T-cell function. 5 The requirement for TCR expression to recognize altered pMHC ligands is different for CD8
+ and CD4 + T-cells. PBL from a normal donor were transduced to express HCV1406 TCR and enriched for TCR-transduced cells using anti-CD34 immunomagnetic beads. T-cells were co-cultured with peptide-loaded T2 cells for 5 h and evaluated for IFNγ production by intracellular cytokine staining. Mean fluorescence intensity (MFI) of IFNγ production in TCR high (black), medium (gray), and low (white) expression populations is shown for a CD8 + and b CD4 + TCRtransduced T-cells. Significant differences in MFI of IFNγ between TCR expression levels are shown, *p < 0.05. Effector groups that display significantly greater IFNγ staining intensity compared to background tyrosinase stimulation is also denoted #p < 0.05. SPR-measured affinities of TCR-pMHC interactions are shown, and thermal stability of peptide-MHC interactions is shown. NBD no binding detected. These data are representative of three independent experiments with three donors One potential explanation for these inconsistencies is that conventional affinity measurements by SPR may not accurately reflect the physiologic TCR-pMHC interaction. SPR is performed in three-dimensional (3D) space with soluble TCRs/pMHCs; however, physiologically the TCR and pMHC are anchored on two-dimensional (2D) membranes of opposing cells [41] . Thus, 3D measurements by SPR may not account for regulations imposed by the complex T-cell membrane environment, including reduced spatial degrees of freedom and co-receptors/co-stimulatory molecules [42] . Various groups have developed methods to establish binding partners anchored onto 2D surfaces to overcome limitations of SPR [43, 44] . Early studies have suggested that 2D measurements may better correlate with T-cell responses [43, 45] and measure TCR-pMHC-CD8 tri-molecular interactions [46] , which may explain functional contributions by CD8. As 2D techniques become better established, they may provide a more predictive/ correlative marker for antigen recognition and evaluating therapeutic TCRs.
Another set of parameters influencing antigen recognition are TCR binding kinetics. Kinetic studies suggest that slower TCR off-rates and longer dwell times may be required to complete intracellular signaling cascades and subsequent T-cell activation [30, 31] . Others believe that shorter dissociation rates and/or higher association rates are necessary for rapid exchange of TCR-pMHC interactions, known as serial triggering [47, 48] . Some studies have suggested that elements of both models may be relevant and not mutually exclusive [49] . In our study, TCR binding kinetics were unable to clearly rationalize different functional outcomes.
Differences in peptide-MHC binding can also influence antigen recognition and an immune response, but to what degree is unclear [50, 51] . Thermal denaturation of HCV peptide-HLA-A2 complexes indicated native and altered peptides bound MHC with high-affinity, but with slight variances [23] . These variances, however, were unable to explain altered antigen recognition patterns in light of small/large changes in TCR-pMHC affinity. It is possible that subtle differences in peptide sequence might alter the natural processing/presentation of antigen, not detectable by conventional assays. Further studies are necessary to improve the evaluation of peptide-MHC binding interactions and their relationship to T-cell function. Overall, specific biophysical requirements for T-cell activation and importance of each parameter may depend on individual TCR-antigen interactions.
TCR-pMHC affinity can also be enhanced by CD8 stabilizing the TCR-pMHC interaction, augmenting T-cell sensitivity [34] . However, we have previously shown that Lck-recruitment to the TCR/CD3 complex by CD8 may also be essential for T-cell function [24] . The relative importance of TCR-pMHC stabilization versus signaling by CD8 has been debated [24, 37, [52] [53] [54] . In this study, CD8-dependence relied on the ability to bind Lck, suggesting that merely stabilizing TCR-pMHC may not permit/enhance T-cell function, but that augmenting TCR/CD3 signaling can play a critical role. This further suggests that TCR-pMHC affinity is not necessarily the most influential parameter driving T-cell function. In light of these observations, it may be worth considering how modifying other accessory and/or co-stimulatory molecules influences antigen recognition by TCR-engineered T-cells.
Examining the ability of TCR gene-modified T-cells to recognize altered pMHC ligands at different densities is also important because clinical use of high-affinity TCR gene-modified T-cells induced severe adverse events by recognizing low-level cognate and/or related antigen [18] [19] [20] [21] 38 ]. In our model, the ability to recognize altered ligands was markedly reduced with decreasing levels of antigen, and TCR-pMHC affinity became a better predictor for recognition and CD8 requirement. But we know that CD8-dependence is not solely based on affinity-enhancement. Additionally, differences in cytokine secretion at lower levels of antigen were not always reconciled by changes in TCR-pMHC affinity, reinforcing the need to differentiate requirements of cognate/altered antigen recognition when evaluating the efficacy/safety of TCR-engineered T-cells.
TCR density also influenced recognition of altered ligands, sometimes independent of TCR-pMHC affinity. While even low levels of TCR transgene expression in CD8 + T-cells facilitated IFNγ production, CD4 + T-cells were more reliant on high levels of TCR expression. Additionally, the requirement for high TCR expression was not consistent among altered ligands with similar affinities. The impact that TCR expression levels have on antigen recognition is important to highlight because investigators are modifying TCR sequences and/or gene-delivery vectors to promote transgene expression and limit mispairing with the endogenous TCR, both impacting relative surface density [55] [56] [57] [58] . It has not yet been considered how these approaches might impact TCR cross-reactivity. Our data suggest that TCR density plays an important role in recognition of altered ligands. Therefore, the use of such pairing-enhanced TCRs/vectors has the potential for related antigen recognition affecting efficacy and safety. Thus, consequences of pairing-enhanced TCRs' increased surface density should be further evaluated when designing TCRs for ACT.
It is important to consider that as with affinity, both TCR and antigen density are integral components in determining the number of receptors engaged. Thus, changing the amount of TCR/pMHC will surely impact T-cell function. However, the inconsistencies between the magnitude of cytokine release and/or the requirements for recognition given known affinities suggest that the population of engaged receptor is not solely dictating T-cell functional responses. Observing architectural changes in TCR-pMHC complexes may provide an answer to this dichotomy, with recent findings illustrating how altered TCR binding geometries can impact T-cell function [45, 59] .
While these observations are an important first step in re-evaluating the role of TCR-pMHC affinity on antigen recognition, they describe the behavior of a single TCR. TCRs with other specificities may exhibit different recognition requirements. However, ongoing studies evaluating other well-characterized TCRs including HCV1073 [23, 60] , TIL 1383I [5, 24] , and DMF5 [61] suggest that our observations are not unique to HCV1406. Further in vivo modeling will help evaluate the role of TCR-pMHC affinity in a complex tumor microenvironment and may enhance the overall understanding of what factors govern T-cell responses.
In summary, we utilized our HCV1406 TCR model to address how a single TCR recognizes multiple related epitopes and how TCR-pMHC affinity influences functional responses. Our results suggest that less emphasis be placed on TCR-pMHC affinity as a means to improve the therapeutic potential of TCR gene-modified T-cells. Instead, we should also evaluate candidate TCRs for their CD8 requirements (structural and signaling), functional avidity, and amount of TCR expression required to stimulate antigen recognition (summarized in Supplementary Figure S3 ). Additionally, how these factors impact the ability to recognize altered, physiologically relevant targets is critical to evaluate their efficacy and safety. By evaluating the roles of multiple factors in antigen recognition and refining the way in which we evaluate TCR-pMHC binding interactions, we can more appropriately advance the design/implementation of TCR-based immunotherapies.
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